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NA2IONAL ADVISCIRY COMKPTI'EE FOR P;ERONAWICS 

TRANSONIC WIND-TIMNEL TESF SECTIONS 

By ,George P. Bates 

PreUminary  investigations have been made of two 3-inch-dimter  
s lo t ted  test  sections over a range of pressura  ratios frm 1.3 t o  10.0. 
One of the test sections had 20 s l o t s  with &-open wall araa,  while the 

other had 8 s l o t s  end was 1/8 open. 
5 

The two test sections showed  no appreciable  difference in  perform- 
ance. The Mach  number could be varied  continuously f r D m  low subsonic 
values  to  supersonic  values of abmt  1.7 with the pressure  ratios  avail-  
able. The dis t r ibut io9 of Mach  number along 
was reasonably  uniform a t  Mach numbers  up t o  
speed the  pressure  gradients became so large 
used f o r   t e s t  purposes. 

INTRODUCTION 

the  axis  of the  tes t   sect ion 
aboxt 1.2. Bsyond t h i s  
that  the  flow  coald  not be 

A8 a preUninary  part of the comprehensivs investigation of s lo t ted  
test  sections  that  is being  carried  out by the National Advisory Con- 
mittee  for  Aeronautics,  the  flow  has been hves t iga ted   in  two t e s t  
eections of 3-inch diameter. Tha stagnation pressure has been varied 
from 20 pounds per square inch t o  150 pounds per square inch. 

Previoue  research a t  the Langley Aeronautical  Laboratory  (refer- 
ence 1) has  indicated  that  tuMel-wall*interference  at high subsonic &nd 
transonic Mach numbers can  be al leviated by the use of a s lo t t ed   t e s t  
section. The present investigation of s lo t ted  test  sections was mde 
over 8 pore extensive  range of pressure  ratio, 1.3 t o  10.0, than  the 
r a t io s  of 1.2 t o  2.4 reported  in  reference 1 i n  order t o  determine 
whethsr the  flow  could be expanded t o  higher  supersonic Mach numbers 
with unlform velocity  dlstribution.  Investigations were made with and 
without a chambsr surrounding the test sect ions.   In  both  conflgura- 
tions,  data were taken  with  the effueer a t   t h e  downstream end of the 
teet   sect ion  Fnstal led  inside  the  s lots  and also with the  effuaer 
located entirely  outside the slots. 
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minimum crosg  section of area of tunnel  ateentrance cane 

cross-sectional  area of tunnel a t  effuser;  not  Including 
area  Inside s lo t s  

cross-sectional  area of .tunnel a t  effuser, includrzlg open area 
- a i d e  &lo& 

velocity of sound i n   a i r  

diameter of tunnel  throat ( 3  in.) 

stagnation pressure in se t t l ing  chamber 

stream Mach  number @/a> 

loca l   s t a t i c  preseure 

measured stagnation  pressure i n  t e s t  section corrected fo r  
loss through a normal shock a t  stream  velocity 

s ta t ion  m e a s p d  f'rcxn midpoint of test section along tunnel 
longitudinal. gxis . .  

stream  velocity 

The general arrangement of the tes t   se tup is shown i n  figure 1. 
The se t t l ing  chamber was E inches in diameter and 36 Fnches long and 
was fa i red   to   a  3-inch minirmrm diameter Just upstream from the test 
section.  This  entrance cone was desised t o  give a uniform accelera- 
t ion up to a Mach number of  uni ty   a t  the minhum section. The t e s t  
section was 14 Inches  long, with an included divergence angle of 0.4O 
t o  al low for boundary-layer increase as encountered Fn a  closed-throat 
tunnel. A 10-inch  length Df' the, tes t   seat ion was slotted. At the end. 
of the  test   section  the  jet  expanded abruptly  without any fa i r ing into 
a  9-inch-diameter  tube (diffuser  pipe)  that- w a ~  48 inches long. A 
valve was placed a t  We end of the  pipe so that  the pressure r a t io  
across  the  test  eection could be held  constant for various stagnation 
pressures 
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A diagrammatic sketch of the test  section,  enclosed i n   t h e   c h m b r ,  
is shown as figure 2. The two separate test sections that were used were 
of the same general dimensions and shape but  differed in s l o t  width. and 
num3er of slocVs. In  bath  sections  the sloC,s k r e  u) inches  long  and 
1 inch deep. The bars  that  formed the  -..aUs of both test sections had 
p a r a l i d  sides, so tha t   the   s lo t  width increased as the distance from the 
je t  axis  increased. . One section was a duodecagon with s lo t s   l oca t ed   a t  
the corners and  had  approximately  o3e-fifth of the  test-section  perimeter 
open ( f ig .  3) . The upstrean end was f aired  .into  the 3-Inch-diameter  8ec- 
t ion  of the  entrance cone. The bars f o r   t h i s  test  sect ioa were so  con- 
s t ruc ted   tha t  thin baffles could be located in planes normal to   the   tunnel  
axis   within  the  s lots   a t  &-inch intervals  along the  length of th3 slots ,  

with the innermost edge of the  baff led approximately 1/4 inch from the 
test-section  perimeter. The other test section was of circular  cross 
section and  had 8 s lo t s  with a t o t a l  of approxhuateb  one-eighth of the 
periphery open.  The section was constructed of 3ars  1 inch  thick  placed 
i n  a 3-inch c i r c l e   ( f i g .  4). 

- 
. 
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The entrance u p  ( f ig .  2)  and the effuser bel ls   inside and  outside 
t h s  slots ( f igs .  3 and 4) were the same for  both tes t  sections. The 
entrance cone was terminated in a sharp l i p   i n s i d e   t h e   s l o t s   t o  minimize 
the  formation of vo r t i ce s   a t  the leadin& edge of th? s lo t s .  The effusers 
w i t h a  the slots were circular  arca of &-inch radius and were plsced i n  

the slots so that  they were f lush with the  inside  surface of the test  
section  (fig.   3(b) ) . Tests were aIso made without an effuser in the   s lo t s  
and with an effuser of %-inch radius  placed  outside of t he   s lo t s  
( f ig .  4 (b ) ) .  For  each of the la t te r   coz igura t ions  the minimum effuser 
area Ap was nearly 54 percent larger than the original  effuser  area A l a  
The area was less  than the value  calculated from the &-inzh- 
diarruter  hole in  the downstream bar-retainlng  r ing (fig. 4(a) ) because of 
the welding  bead in the  s lots .  

2 
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The  chamber tha t  was placed  around the  test sections had a 17-inch- 
square  cross sectio=1, almost s ix  test-section dimters.  T h i s  zhamber 
was cansiderably  larger than would normally have been installed  but the 
s i ze  was reqaired  to  f i t  with e x i s t i n g   e q u i p n t  Thb  chamber was 
equipped with a valve  vented t o  atmospheric a i r  so that some regulation 
of the chamber pressure could be achieved. 

The stamation  press-me H of the air stream was measured by a 
blunt  total-pressure  tube.placed in the settling chm3er.  Local  static 
pressure on the wall of the- tes t  section was determined from or i f ices  
placad in the center of one  of the bars tha t  -de zp the test-section 
wall ( f ig .  2) . A long  static  tube of inch diameter was used t o  obtain 
the s ta t ic   pressme  a t   f ive  points   a long  the jet  center  l ine Total- 
pressure surveys were made a t  several locations in the test  section with 

8- 
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Pressure8  were  recorded  photographically fram a mercury-filled, 
multiple-tube manmeter. The Mach  numbers in the  test  section  were 
determined  from  local  static pressums in the test section,  asaurnhg 
no l o s s  In total pressure frm settling chBJliber to test section. 

A miniature  inductive-type  pressure  pickup gage designed and con- 
structed at t h e  Langley  -Laboratory was installed in the  test-chamber 
wall to deternine the  amplitude and frequency of the preesure  pulsation3 
w i t h i n  the chaniber. 

The equipnt for  these  preliminary  slotted-throat tests was 
hastily  assembled;  however, the results are believed  indicative of the 
f low changes  that  would  occur at high pressure ratios. 

Mo chamber  around the  teat  section.- Various teste  were made to 
. .  . 

determine the operational-..charactristic8 of t he  Blotted  test  sections 
with the slots osen a@mspheric  conditions. In general, there were 
no large  differences  betweep t h e  characteristice of t h e  &slot  test 
section  and  the  20-slot t es t  -sectim.. 

c 

Figure 5 is a caropariaon  of  the  static-pressure  distribution along 
the  center lines of the  8-slot and the  2O-slot  test  sections with the 
effusers  inside  the  slots. The stapatioa pressure  for th4 8-slot  test 
section was alightly less than  that f k  the  2O-s.lot  section;  at  Mach 
numbers  below 1.1 t h i s  difference  accouats fo r  a large part of the a s -  
placement of the two curves. 

Figure 6 shwa the  typical  static-pre.sgure  distribution along the 
wall and  center line of  the  20-slot  test  section  for  the  configuratlon 
in  figure 5 .  The-acceleration of the f l o w  inside  the  eolid nozzle to 
speeds slightly abme M = 1 when the  test  section is at  supersonic 
speeds is probably  due  to a change in bomdar;r-layer  thickness  near  the 
entrancs lip Df the slot.ted-throat--eection. At and below  stream  Mach 
numbers of 1.1 the  axial  velocity  distribution  along'the wall showed a 
change in Mach  number of not more than 0.025 fo r  a distance of sli&tly 
over one.test-8ection dlameter -upstream and downstream from th3 center 3 - 

of the  test  section. The axial  variations in Mach number along  the 
center line were somewhat  lesa  than  the  variatians  at  the walls at  stream 
Mach  numbers of 1.1 or less. The differences  between the-static pressure 
on the wall p d  in the center of the  Jet  at a given  axial  location in the 
test  section  corresponded t o  a change in Mach  number  of as much as 0.03. 
At Mach numbers from 1.1 to 1.7 the  axial  variations  at b3th wall and 

. *  
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center  l ine and the  cross-stream  static-pressure  vwiations  increased 
w i t h  an increase in stream Mach nunberg 

, Total-pressure  surveys  across  the  stream in t h e  tes t   sect ion showed 
quite uniform pressure  distributions  at all flowa. The total-pressure 

-. rake was Located as sham in figures 3(a) and 4( a). Figure 7 indicates 
t h a t   a t  a s ta t ion 8 inches down frm the  entrance  lip of the. test  sectioa, 
the  total-pressure loss 1 - - near  tbe axis  is less  than 0.01 a t  a 

Mach nutnhr of 1.ll. For this condition the mixing region is approxi- 
mately 3/4 inch  thick. A t  higher  speeds the total-pressure 109898 becone 
greater and the  thickness of the  mixlngregim  inside  the  s lot ted  tes t  
section  decreases. The decrease in  thickness D f  the mixing region with 
increase in  stream Mach  nutnber probably resul ts  from the  increased 
expansion of the  flow  out  into  the  slots at higher stamstion  pressures. 

h l  
H 

' The data obtained with screens  placed around the  outside af 
tbe '1-inch-deep s lo t s  (mt included  herein) showed that  the mador f l o w  
changes occurred  within the slots.   Baffles which extended t o  within 
1/4 inch of the inside wall of the  test   section were placed in precut 
growes in  the wall bars so as to  affect   control of longitudinsl f l o w  
within  the s lots ,  but  the  bsffles  created  disturbances of varying intensity 
in   the s l o t s  without  causing any noticeable changes in the  pressures dis-  
tr ibution along the wall. (Compare f i g .  8 wi%h f ig .  6 . )  It m u s t  be noted, 
however, that  the  static-pressure  orifices were identically  located with 
respect  to  the  baffles and might therefore fa i l   to   ind ica te   the   ac tua l  
pressure  distribution. A sketch.s'nming  the  location af the   s ta t ic-  
pressure wall orif ices  in re la t ioa  t o  the  baffles is inchded  a t   the  top  
of figure 9. k an effor t  t o  force  the  a i r   to  f low out t h r o ~ g l l  the s l o t s  
the  exi t   a i r   pressure was increased by constricting  the f low a t   t he  valve 
i n  the diffuser pipe ( f ig .  1). The increase in back pressure  forced a 
normal  shock  upstream into  the  tes t   sect ion.  While more f l o w  was forced 
out through the slots downstream of the shock, the f l o w  upstream of the 
shock was unaffected. - 

Slight  decreases  in  positive  pressure  gradients a t   t h e  end of .the 
tes t   sect ion were affected by increasing  the  effuser  area,  but the 
pressure  variations  at  other  stations in the  tes t   sect ion w8re not 
appreciably changed. The ineffectiveness of an effuser b e l l  outside 
the s l o t s  ( f ig .  4) provided  aaditional  substantiation of the  conclusion 
that  the  the major flow changes occurred  within  the  1-inch-deep  slots. 

Closed chamber around test section.- A square chamber of approxi- 
mately six  test-section  diameters was placed around the test section 
t o  pernit  regulation of the static  pressure  outside of the s lo t s .  

Tests made  on the  20-slot  test  section, with the original A-inch- 
2 

radius  effuser a i d e  the s lo ts ,  indicated  that  the test section was 
choked at   the   point  of rdnlmum effuser  area.  Results of tes t$  of the 
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8-slot section  (one-eighth of periphery open), with the z-Inch-radius 
effuser  inside the slots,  ahowed that it was impossible t o  exceed a stream 
Mach  number of 0.83 a t  the test  section,  regardless of the preseure  ratio 
applied. While the velocity  distribution along the axla and across the 
stream w88 f a i r l y  good, all the  data  indicated  that t h e  f low thrmgh  the 
test   section when enclosed within a sealed chamber was completely choked 
at   the  effuser minimum. 

1 

Since  the f l o w  was constricted,  the  effuser b e l l s  inside the s l o t s  
were  removed from both of the test  section6 and t e s t s  were conducted with 
the slots clear. The 20-slot  test  section  with the large effuser was not 
choked a t  any pressure  ratio  tested, and a pressure  ratio of 3 (43 ps i  
absolute in the   set t l ing chamber) was suf f ic ien t   to  give a tes t   sect ion 
Mach  number of 1.7. Increasing the pressure r a t io  above 3 had l i t t l e  
effect  on the f low in   e i ther  test section. Although no tes te  were made 
with a diffuser of improved design, it seemed probable tha t  a correctly 
designed  diffuser a t  the end of the  test  eection would reduce the pressure 
ratio  required t o  operate this apparatus with a chamber. 

Figure 9 gives  the a x i a l  velocity  distribution in the 2O-slot sec- 
t ion with an effuser b e l l  outside the s lo t s  f o r  various  stagnation 
pressureso The axial  variations i n  Mach  number  on the wall of the t e s t  
section over 8 length of two test-section  diameters were 0.02 a t  M I: 0.9, 
0.03 a t  M = 1.1, and 0.06 a t  M = 1.2. Above a Mach  number of 1.2 the 
variations  increased more rapidly with the Mach nmiber. The axial velocity 
variations  along the center Ilne of the  Jet  were larger than those  on.the 
wall, being of the order of 0.1 a t  M = 1.1 and becoming much larger a t  
higher  speed^. The change in Mach  number a c r o ~ s   t h e  stream from wall  to 
center line was 0.06 a t  Mach numbere between 1.1 and 1.2 but 4ncreased a t  
higher speeds. Althou@ no attempt has been made t o  a r r i v e  a t - &  optimum 
configuration, it i a  entirely pO88ible that  variations  in  slot  profile, 
external pressure along the 8 1 0 t B ,  and effuser shape would produce much 
smoother flow than  that shown. 

- .  
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The  chamber static  pressure was less than atmospherio pressure f o r  
all stagnation  pressures below 50 pounb per square hch,  so it was 
possible  to  increase  the  static pressure in  the chamber by allowing a i r  
t o  flow from the atmosphere into  the chamber through a valve  placed in 
the chamber wall. Increasing  the chamber pressure caused an almost 
uniform drop i n  Mach  number both at the wall and along  the  center line, 
but the existing  absolute  variations were not  affected. Similar resu l t s  
were obtained with the 8-slot  test   section. The main apparent  effect of 
the chamber was t o  reduce the stagnation  pressure  required to operate 
the  tunnel by reducing  the  static  preseure in the test   section. 

A total-head  rake with a f rontal  area of 0.3 square  inches  placed 
across the 8-slot test   section 5 inches downstream of the  entrance l i p  
indicated-that the mixing region extended only about 1/4 inch from the - 
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wall. The decrease 
8 inches downstream 
area at   the   effuser  

in thiclmess from the L h c h  mixing region  encountered 
of the  l ipmay be due t o  the  fact   that  t h e  increased 
allowed t h e   a i r   t o  emand out i n t o  the slots mare than 

4 

before,  or t o  the  fact  that the  other  tests were made Fn the  20-slot 
section w i t h  only one-fifth of the  perimeter open. 

, A t  supersonic  speeds  the  total-pressure  survey r a k e  caused  a large 
disturbance on the wall, as is shown  by the bump on the wall  velocity- 
distribution curve of figure 10, a t  and behind  the  rake. The disturbance 
was present. in both test sections  but was less pronounced in the  20-slot 
section, probably  because the 20-slot  section had more open area  than 
did the 8-s lo t  section. The one-dimensional  choklng Mach  number f o r  a 
body the size of the rake when placed In a  closed xfnd tunnel is 0.785, 
but in the  slotted test section the Mach  number could  be  increased t o  
supersonic values. . .  

The frequency and the amplitude of the p r e ~ ~ ~ r e  pulaations  in the 
chaniber  were measured by an NACA miniature  Fnductiva  pressure g a g e .  
The frequency of the  pulsations in the chamber f o r  the 8-s lo t  and 20- s lo t  
~ e c t l m s ,  with  the downstream ends of the slots open, -was about 
2000 cycles per second a t  and above M = 1.3 but was only about 
900 cycles  per second a t  M = 0.9. The amplitude  of-  the  pulsations f o r  
the  8-s lot   sect ion  a t   veloci t ies  above M = 1.35 m s  of the order of 
2 percent of the chamber s t a t i c  prebsure  but  increased t o  a peak a t  a 
Mach  number of 1-23'. Below 1.27 the amplitude  again  decreased. The 
20-slot  section  followed  the same trends  but had much higher  amplitudes 
until a test section Mach  numiber of 1.55 was reached. A t  low speeds 
the sound of the tunnel was a l o w  rumble, but  at   the  higher speeds  the 
sound level  was arpund the -threshold of feeling. 

CONCLTX IONS 

Frm the resu l t s  of these prelimFnary tests made on two slotted- 
throat test   sect iana of 3-inch  diameter, it is concluded that:  

L-  The flow in a fixed-geometry slot ted test section can  be 
e~panded through the  transonic range t o  a Mach  number  of 1.7 by increasing 
the pressure  ratio. 

2 Above the stream Mach nuuiber of 1.2 large gradients in the 
velocity through the s lo t ted  test section reduced the usefulness a8 a 
wind tunnel  to  limited  applications. 

3. Slight changes in the  test-section  velocity  distribution were 
the primary effects  of the change froan am 8-s lo t  test   section w i t h  

8 1-open perimeter to a tes t   sect ion w i t h  20 s l o t s  and &pen perimeter. 
5 t .  



8 . - m C A  RM ~ 9 ~ 1 8  

4. The main effect  of placing a sealed chauiber ai.ound. the test 
section was t o  decrease  the  pressure ratio  required  to  operate the 
apparatus. . The chamber produced Only small changes i n  the test-sectian 
velocity  distribution. 

5.  Placing a sealed chamber wowla a s lo t ted  test section requires 
tha t  an effuser   area  sbwhat  larger than the test-section area be used 
in order t o  prevent choking a t  the effuser uinimm. 

Langley Aeronautical Labomto- 
national Advisory  Comnittee f o r  Aeronautics 

Langley A i r  Force. Base, Va . 

1. Wri&t, Ray H. , and Ward, Vernon G. : NACA Transanic Wind-Tunnel 
Test-Sections . NACA RM no. ~ 8 ~ 0 6 ,  1948. 
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Total-pressure  rake 

(a) Top view of tes t   sec t ion . .  

(b) Section view of downstream end of test  section sharing 
ef-er shape and location. 

Figure 3.- Twenty-elot test  se-ction w i t h  effuser bell inside  slots.  - 
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(a) Top view of test section. 
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(b)  Section view of dawnstream end of test section showing 
ef fuer  shape and location. 

. 

Figure &.--.Eigh-kAot test   section  with e f f u s k b e l l  outside slots. 
"lr 
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Figure 5.- Comparison of axial  static-peesure distribution along the center lines of the 
€Lalot and -lot t e s t  sections.  Sections  not  enclosed in chamber. - 
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Figure 6.- Axial pressure distribution d o n g  the wall and center line of the *lot t e s t  sectlon. 
Section not enclosed In chamber. c ! 
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Figure 7.- Total-pressure distribution across.20-slot test section at 
station 8 inches from entrance lip. E f f u s e r  bell inside slots. 
Section not enclosed in chamber- - 
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Figure 9.- Axial pressure distribution along the w a l l  d center  line of the  slotted  test  section 
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Figure l O . - A x i a l  pxesure dlstrlbutlon along ths wall  of the slotted  test motion .  Sectlcpl enclosed 
in chamber. Total-head mlw spanning the teat section. - 




